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Abs(racl

Wo ncw fundamental vibration rotation bands have been observed for H02N02 and

assigned. They arc V7 at 648 cm-l and vg at 466.7 cm-l. on the basis of these assignments the

previously observed bands at 722 cm-]

, 801.5 cm-] and at 919 cm-l arc assigned toV10, V7 + v

12 and to 2 VS, rcspcctivcly.  A partial rotational analysis of the atmospherically relevant Vfj

band has been carried out and the effects of tunnclling,  Coriolis  interactions, and hot bands on

the rotational structure have been characterized. The band origin derived from this analysis is

802.543 cm-].



introduction

Model calculations of atmospheric

degradation or possible commcrciat operation

2

o z o n e  dcptction  duc to chtorofluorocarbon

of stratospheric aircraft are particularly sensitive

to proccsscs  that effect the partitioning bctwccn rcactivc NOX (NO, N02, and N03) and

reservoir NOY (HN03, N205, H02N02,  C1ONO2, and CH3C03N02)  spccics. As a dramatic

example of this sensitivity, the recent inctusion into modcts  of the the reaction N205 + H20,

assumed to occur on the global sulfate layer, has resulted in a great reduction of the prcdictcd

ozone depletion duc to a proposed fleet of stratospheric aircraft (~). Rcccnt attempts to

further understand atmospheric NOY partitioning have focused on laboratory investigations of

nitrogen oxide chemistry as well as atmospheric observations of the relevcnt  spccics,

Pcroxynitric  acid, (PNA), H02N02 is an important, albeit poorly studied, temporary

reservoir species of ‘NOx and HOX in the stratosphere (~). It is formed by the reaction of H02

with N02

H02 + N02 + M + H02N02 + M (1)

and removed primarily by photolysis and reaction with OH. The PNA removal proecsscs  are

thought to reform H02 and N02, however, the product ‘distributions have not yet been fully

characterized. The cxistcnee  of PNA reaction channc]s  leading to HN03 could dramatically

affect the partitioning bctwccn NOY spccics  since the midlatitudc  lifetime of HN03 (= 30 days

at 20 km) is much lon”gcr  than H02N02 (= 2 days).

Atmospheric observations of PNA and HN03 can provide important constraints on

atmospheric models of NOY chcrnistry. Rceently,  fourier  transform infrared spectra of the

stratosphere obtained using balloon borne  (j) and spaec shuttle borne (~) spectrometers have

exhibited spectral features near 803 cnl-l that arc attributed to PNA. The retrieval of prccisc.

atmospheric PNA abundances from this data has been hampered, however, by the lack of line.

paratnctcrs  for the 803 cm-] band, and the abscncc of any direct mcasurcmcnts of the low

frcqucney  infrared bands responsible for some of the overtone and hot band structure in this

region. Rcecntly,  in an attempt to facilitate the retrieval of PNA abundances from atmospheric
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spectra, wc have obtained PNA absorption cocfflcicnts  for the 803 cm-l band at 220 K (~

Although this data is useful for calculating PNA absorption coefficients over a range of

pressures and at a tcmpcraturc  more relevant to the atmospheric observations it dots not

provide for a completely satisfactory analysis of the atmospheric spectra.

In the present work wc have attempted to further characterize the complex vibration-

rotation structure of the V6 band of PNA at 803 cm-]. To that cnd wc have identified several

low frequency fundamental vibration-rotation bands of PNA. The frcqucncics of the band

origins have been used to obtain ncw insights into the assignment of the high resolution

spectrum of the V6 band obtained by us earlier (S).

Expcrhncntal and Compuh(ional  Techniques

The methods used to prepare and obscr-vc  PNA have been discussed previously (~, Q

13ricfly, H02N02 was prepared in the liquid phase using the method of Kcnlcy et al (~).

H202 (90%) + N02BF4 (s) e H02N02 -i- HBF4 (2)

Samples were prepared in 5 ml. quantities and transferred to the inlet of either a multipass

(White type) absorption ccl] attached to a Bomcm I)A3-002  FTS or to a Hcrriott  ccl] attached

to a tunable diode laser spcctromctcr. Spectra were rceordcd over a range of tcmpcraturcs

from room tmnpcraturc to 220 K, At the lower tcmpcraturcs  PNA condcnscd  on to the wall of

the absorption cells, and the gas phase PNA concentration rcrnaincd  approximately at the 220

K equilibrium vapor pressure (3.5 mtorr).

Infrared spectra taken on the FTS systcm were obtained as described by May and Fricdl

(~) with the following cxecptions: the KCI bcamsplittcr was rcplaccd by a 3 pm Mylar

bcamsp]ittcr;  the White cell  and spcctromctcr window materials were changed from KC] to

KRS-5. In order to optimize the recording of the FTIR spectra simultaneous mcasurcmcnts of

the ultravio]ct  spectra of the H02N02 sample were made using a diode array spcctromctcr.  It
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was found  that in the low temperature cxpcrimcnts  spectra of PNA with very small impurity

concentrations cmld  bc recorded. Total cdl pressures ranged from 0.0S to 0.1 torr.

The diode laser rncasurcments  used the spcctromctcr dcscribcd  by May and Webster

(Q which was coupled to a 30 pass 1 m Hcrriott  cdl.  This was used to rcwrd sclcctcd  regions

of the 803 cm-’ band at Doppler Iimitcd resolution.

The initial simulations of the V6 band structure were made using a version of the Birss

and Ramsay  band contour program (E), as modit’icd  by Judge (~ and Duxbury  (~. Later

calculations in which the effects of tunneling and Coriolis coupling were included were carried

out using the program dcscribcd  by Pickctt  (Ii).

Results

Observation oflVew Fundamental Bands of H02N02

Prior to the present study, only the center frcqucncics  of the V], v2, v3, v4, v5, V6 and

VI 2 bands had been determined experimentally (12-14) As a result, thermodynamic

calculations of the heat capacity and entropy had relied largely on vibration frcqucncics  derived

from ab-initio  calculations (IS). However, a comparison of these calculated frcqucncics  with

observed frequencies of the isoelectronic molccu]c  FN03 (~) lcd to the suggestion that some

of the calculated fundamcnta]  vibrational frequencies might bc rather inaccurate. We have

thcrcforc  carried out measurements of the vibrational spectrum from 350 to 900 cn~-l at room

tcmpcraturc  and at 220 K to try to locate more of the low lying vibrational fundamentals.

As a result of these new measurements, coupled with a reassignment of part of the high

resolution spectrum which wc obtained previously, wc bclicvc that wc have now identified and

measured the vibrational origins of three additional fundamental vibrations. The 722 cm-l

band observed by May and Pctcrscn (13) is now assigned as VI 0, (of A“ symmetry in the near

symmetry group for this molcculc, Cs.) This is CIOSC to that of the equivalent N02 wagging

motion in FON02 of 708.5 cm’]  (16).  Two ncw weak bands at 648 and 466.7 cm-l have been

observed. Based upon a comparison with other bands known to belong to H02N02, the bands
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at 648 cm-] (SCC Figure 1) and 466.7 cm-l arc assigned to v7, (NO stretch), and v~ (N02 rock).

Using the values of the vibration frcqucncics  of these newly determined t’undamcntals,  the

combination or overtone bands at 801.5 cnrl and 919 cm-’ arc assigned to V7 + VI 2 and 2 V&

rcspcctivcly,  (SCC Table I)

On the basis of our spectra, and bearing in mind the frcqucncics of the equivalent bands

of FON02,  wc bclicvc that the remaining bands v9, the NOO deformation, and v]], the OH

torsion, must both lic below 350 cm-] which is the current limit of our observations. Since the

low frequency vibrational states have an appreciable thermal population at stratospheric

temperatures of about 220 K, the final modclling of the V6 band requires that the two

remaining fundamental bands bc identified,

The V6 band

The V6 band at 802,54 cm-l has a mmplex rotational structure. The band is associated

with the N02 scissors vibration and lies C1OSC in wavcnumbcr  to that of the equivalent onc

observed in FON02 at 803.7 cm-l. The spectrum of the V6 band of PNA has been rccordcd

using Fourier transform spcctromctcrs at the Rutherford Appleton Laboratory by Bell and

Ballard (17,1 8) and at JPL by May and Fricdl (j) and by May and Peterson (13) both at room

tcmpcraturc  and at 220 K. High resolution diode laser spectra of portions of the band have

also been rccm-dcd by May (B).

The microwave spectrum of PNA was analyzed by Sucnram, Lovas and Pickctt (20).

They showed that the molcculc  was a rather asymmetric near prolate top and was non-planar,

with tunnclling  motion associated with the hydrogen atom. The heavy atom framework is

planar, and the near symmetry group is thcrcforc Cs. The Harniltonian used for that work is

dcscribcd  in detail by Pickett (21), and includes the effects of tunnclling  bctwccn  the inversion

states of the non-planar structure.

Rotational transitions in the Q branch of the V6 band arc largc]y unresolved even at the

doppler  limit. In order to account for the degradation of the band to higher cm-l, wc find that
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the A rotational constant in the cxcitcd state needs to bc greater than that of the ground state

by ca. 0.001 cm-l .~~ The partially “resolved rotational structure calculated for the Q branch is

sensitive to the values of B and of C“. In addition, the initial modeling efforts on the Q branch

suggested that the effects of tunnclling  splitting would bc small (~).

The P and R branches of the V6 band exhibit some regular structure C1OSC to the band

origin. Although the Iowcst J transitions arc too weak to bc easily identified, analysis of a

synthetic A-type spectrum of the low J parts of the P and R branches showed that two types of

regular structure arc prcdictcd,  C-type and A-type. H02N02  is quite an asymmetric near

prolate rotor with a value of the Ray asymmetry parameter, K =-0.7.  This large departure from

the symmetric rotor limiting value of -1,0 results in a rapid switchover from prolate to oblate.

rotor pattern of the energy ICVCIS associated with the Iowcst Ka values for a given J, i.e. JOJ and

J] J (JK K ) bccomc  dcgcncratc  when J -10 or greater. As a result, Iincs with a characteristic

spacing of 2C arc observed in the spectrum. This is shown in Figure 3. Analysis of this

of lines enabled the band origin to bc dctcrmincd,  (SCC Table II)

The second series of regularly-spaced lines is associated with transitions between

series

lCVCIS

having J - Ka. These lines show little asymmetry splitting and hence correspond to a typical

“symrnctric  rotor” pattern with a characteristic spacing of ( B -t- C ). The “beating” bctwccn  this

series and the “2C” scrim confirms the location of the band origin, In addition, the

identification of the two series of lines resulted in an initial estimate of the A, B , and C

rotational constants for the V6 state.

In addition to the regular patterns of lines observed in the low J region of the P and R

branches, a large number of weaker lines arc observed in the low J region and a rather irregular

pattern of Iincs in the high J region. Test calculations carried out for the low J region showed

that most of the weaker lines can bc accounted for if the V6 band is an A:B hybrid with a

substantial B compcmcnt.  I lowcvcr, using the standard non-rigid asymmetric rotor analysis wc

were unable to rcproducc the rapid switchovcr  to a complex rotational pattern at J values of ca.

20. As stated above, Sucnram,  Lovas and Pickctt  have shown that in the ground state
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pcroxynitric  acid is non-planar, with tunnclling  bctwccn the two cimforrncrs. Application of

this model to the excited state Icd us to the possibility that even at the lower resolution of the

infrared spectra, some of the complications manifest in the P and R branches of the spectra

might bc due to changes in the tunneling with vibrational state.
.

In order to explore the influence of the tunnclling  states, three hypotheses were

investigated, namely, that the centrifugal distortion constants vary significantly with vibrational

state, that the size of the cffcctivc Coriolis  coupling constant bctwccn  the ground and the

cxcitcd tunneling states varies as a function of vibrational state, and that the separation of the

tunnclling  states varies with vibrational lCVC1. The low J transitions should exhibit a significant

tunnclling  splitting if there is a marked  vibrationally  induced cbangc  in the separation of the

tunnclling  states, This possibility can be discounted since the cxpcrimcntal  spectra shown in

Figure 4 show no cvidcncc for such a splitting. Inclusion of vibrationally  dependent distortion

constants or coupling between the tunnclling  states dots produce a considerable spreading of

the K structure for high J Icvcls, although not as rapidly as is observed cxpcrirncntally  (SCC

Figure 5). This spreading can bc made to occur in the calculated spectra either by varying the

largest centrifugal distortion constant, AK, or the cffcctivc Coriolis  constant, FOI, which

couples the tunnclling  states.

The observation that well resolved K-structure suddenly occurs for the K multiplct  at

-808.3  cm-l suggests that, in addition to the possibilities considered above, strong localized

resonances arc occurring. This extra complication may bc due to Coriolis  interactions bctwccn

v~ and the cotnbination  band at 801.5 cm-l which wc bclicvc  can bc assigned to V7 + V12. The

combination band appears in the spectra as a C-type band, Accordingly, the upper state of the

transition, ic the combination state, must be of A“ symmetry. The shading of the central Q

branch at 801.5 is then duc to A’ - A“ > 0. Such a state should exhibit both A and B axis

Corio]is interaction with v6.

The Coriolis  interaction will only affect lines with high values of

restriction occurs since the resonances require AJ = O, and the energy oft’set

J and Ka. This

bctwccn  the band



origins can only be nullified for highly cxcitcd  rotational states. The cxmtral Q branch is

sensitive to the coupling bctwccn  the tunnclling  states and to the Coriolis  interaction with the

combination state. In order to estimate the strength of the interaction wc have scaled the &A

and &B values found for CH2NH (~. by the ratic

H02N02 and CH2NH.  Wc find that inclusion

considerable variation in the “beating” structure seen

of the A and B rotational constants in

of the Coriolis  interaction produces a

n the central Q branch, however, with the

present parameters wc arc unable to rcproducc the dcgrcc  of irregularity of the experimental

spcct  rum.

Inclusion of Coriolis  couplings bctwccn  ground and excited tunnclling  states as WC1l as

bctwccn  the V6 and V7 + v12 states explains only some of the observed complexity of the V6

band. Our observation of a substantial tcmpcraturc  dcpcndcnce in the structure of the strong

central Q branch suggests that at least two hot bands arc coincident with ~6 and arc responsible

for much of the spectral complexity. This is consistent with the expectation that a significant

population resides in the low-lying vibrational states even at 220 K. The relative populations of

these states arc given in Table III for tcmpcraturcs  of 220 K and 296 K. The intense hot band

at 802.8 cm-l is bclicvcd  to invo]vc the Iowcst lying torsional state and wc assign it as V6 + v] 2-

VI 2. The identity of the scwnd  hot band Iocatcd  at approxitnatcly  803.0 cm-l is “more difficult

to discern. Among the possible assignments the most likely is V6 -1- v] j - V11.

In order to show the effects of both of the superimposed hot bands and the nearby

fundamental and combination bands .WC have simulated the structure of the spectral region

near 803 cm-l using the parameters given in Table IV. The resulting spectra at 220 K and 296

K arc shown in figure 7 and figure 2c. From these figures it can bc seen that wc arc now able to

provide a good description of the overall observed band behavior. However, wc arc still unable

to completely reproduce the dcgrcc  of irregularity observed in the cxpcrimcntal spectra.

The progress that wc have made to date on the spectral region near 803 cm-~ is

sufficient to allow for improved attempts at retrieval of atmospheric PNA concentrations from

in situ observations of the ~6 band. In particular, the variation of the atmospherically
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prominent Q branch as a function of tcmpcraturc  and pressure can now bc reasonably

simulated using the present set of Iinc paranwtcrs. A line list for the Q branch region is

available on request from the authors. Further progress on the analysis of the V6 band requires

cxpcrimcntal  identification of the cncrgics  of the two remaining low-lying vibrational levels of

PNA.
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1.

2.

3a.

N).

4,

5.

6,

The V7 band of H02N02 rceordcd at a tcmpcraturc  of 220K, a pressure of 0.0035 Torr

and with a resolution of 1.0 cm-l.

Overview of the ecntral region of the V6 band,

(a) Experimental spectrum at a tcmpcraturc  220 K, resolution 0.003 cm-l.

(b) Simulation with A’ = 0.401 cm-l , n’ = 0.15531 cm-l and C’ = 0.15531 cm-l and

a band origin of 802.546 cm-l.

(c) Same as (b) with the addition of the V7 + v] 2 combination band at 801.5 cm-l

and two hot bands ecntcrcd at 802.79 (v6 + V12 - v12) and 803.0 cm-l (V6 + VI j
- VI j). The rotational constants used in this simulation arc given in Table 4,

Calculation (b) reproduces the gross features of the cxpcritnenta]ly  observed spectrum,

the P and R branch spacings and the overall degradation of the Q branch. However, it

does not rcproduec  the irregularities in any of the branches. Calculation (c) represents

the best fit to the observed spectra given the present state of knowledge regarding the

fundamental vibrational frcqucncics  of PNA

Rotational structure of the low J R branches of the ~6 band in the region 805-806 cm-].

The ‘oblatc’  top lines spaecd by 2C and the ‘prolate’ top lines spaecct  by B+C  arc

indicated. The near dcgcncraey  of these series at -805.6 cm-l confirms the band

origin.

Same as (3a) exeept  for the region 806-807 cm-l.

A comparison of observed (a) and calculated (b,c) rotational structure in the R branch

region of the V6 band. (b), no inversion splitting, calculated using the parameters given

in Table II. (c), inversion splitting, equal cmupling  in the upper and lower states,

calculated using sets (a) and (h) of Table IV. Note the incrcascd  spreading of the K-

structurc of the higher J lines in (c), although not as fast as in the cxpcrimcntal

spectrum, (a).

A comparison of calculated structures in the R branch (a), with the same parameters as

for Figure 4c, and (b) with FOl increased by a factor of 2 [set (d) in Table IV]. Note the

rapid increase in the spacing of the K structure in the seeond case.

The band eentcr of the ~6 band of H02N02

(a) Tcmpcraturc  298 K, resolution 0.006 cm-].

(b) Simulation of(a) using parameters given in Table IV.

(c) Temperature 220 K, resolution 0.003 cm-l.

(d) Simulation of(c) using pararnctcrs given in Table IV.

The main features of the structure arc tcmpcraturc  indcpcndcnt, cxecpt for the Q



branch features at ca. 802.8 and 803.0 cm-l which arc markedly rcduccd in

low tcrnpcraturc,

intensity
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Table I A comparison of the vibration frequencies of pcroxynitric  acid,

H02N02, and of fluoronitratc, FON02, equivalent vibrations arc

adjacent horizontally.

Table  11 Rotational Constants (cm-~ ) for the V6 band of H02N02

Table 111 Relative rotational populations of sclcctcd  vibrational states of PNA at

296 K and 220 K,

Table IV Rotational Constants (cm-l ) used for the calculations of the simulated

structure of the V6 band of H02N02 when different possible

interactions are included. The two inversion components are given for

each constant.
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Table I

A comparison of the vibration frcqucncics  of pcroxynitric acid, H02N02,  and of tluoronitrate,

FON02,  equivalent vibrations arc adjacent horizontally.
------------- ---------------------------------------------------------------------------------- ------------------------

Near Approximate type Vib. Vib.v (Ho2N02)/cm-l v(FON02)/cm-  1 b

symo of mode
-----------------------------------------------------------------------------------------------------------------------

C5

a’ OH stretch

N02 asym. stretch

OH bend

N02 sym. stretch

O-O stretch

N02 scissors

NO stretch

N02 rock

NOO dcf.

a“ N02 wag

OH torsion

NOO torsion

v]

V2

V3

V4

V5

V6

Vy

Vg

V9

VI ()

v]]

v] 2

3540.la

172$.3a

1396.9a

1304.2a

940C

802.543d

648d

458d

722c,d

153.5dA

V2

V3

V4

V5

Vfj

V7

Vg

V9

1759.1

1300.9

927.7

803.7

633.0

454.5

302.6

708.5

151.6
-----------------------------------------------------------------------------------------------------------------------

a R,A, Graham, A.M. Wirier and J.N. Pitts, Gcophys.  Rcs. I.ctt, ~, 909 (1978).

b R.Il.  Miller, P.I.. Bernitt and I.C. Hisatsunc, Spcctrochim.  Acts ~, 223-236 (1967).

c R,D. May and D.B. Peterson, J. Mol. Spcctrosc. Q, 647-649 (1991).

d This work.

c R.D. Suenram, F.J. Lovas and H.M. Pickctt,  J. Mol. Spcctrosc, ~, 406-421 (1986).
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Table 11

Rotational Constants (cm-~ ) for the V6 band of H02N02

--------------------------------------------------------------------  .--.-----

Parameter Ground Statca v6

-----------------------------------------------------------------------------

V() ------- 802.543 (5)

a)

b)

A

B

0.400093

0.155611

0.40101 (7)

0.15549 (13)

c 0.113170 0.11300 (2)
-----------------------------------------------------------------------------

Ground state constants derived from microwave results (18) averaging over the

inversion components.

Quoted errors arc three standard deviations. Determined constants were

obtained directly from the least squares analysis of the low J and Ka transitions,
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Table  111

Relative rotational populations of sclcctcd  vibrational states of PNA at 296 K and 220 K.

-------------------------  --------------------------------------------------------------------------------------

Mode Frequency (cn~-l) Rclativc  Population Relative Population

(298 K) (220 K)

---------------------------------------------------------------------------------------------------------------

V] 2 153.5 0.478 0.367

VI 1 -200 0.382 0.271

V9 -300 0.236 0.141

2V12 -307 0.22$ 0.134

Vll +V]2 353 0,183 0.099

2vj 1 -400 0.146 0.074

Vg 458 0.110 0.050

3v12 460.5 0.109 0.049

---------------------------------------------------------------------------------------------------------------



Table IV

Rotational Constants (cm-l ) used for the calculations of the simulated structure of the V6 band

of H02N02 when different possible interactions are included. The two inversion components

arc given for each constant.

------------------------------------------------------------------------------------  -----------------------------------

Parameter Ground State (a) V(5 (b) V 7  +  VIZ(C)  V6 + VIZ V6+V11

-VIZ -VII

-----------------------------------------------------------------------------------------------------------------------

V() ------ 802,543 801,548 802.794 803.004

0.0594623 802,602 801.608 803.063

A 0<4000934 0.401003 0.40030 0.39814 0.400009

0.4000868 0.400993 0.40028 0,39835 0.400087

B 0.1556158 0.155410 0.155615 0.15555 0.155616

0,1556079 0.155410 0.155607 0.15555 0.155608

c 0.113318 0.112990 0.113318 0.113476 0.113318

0.113317 0.112990 0.113316 0.113376 0.113317

Fol X 104 7.02419 7.02419 7.02419

14.048 (d)

ca -- 0.01 (c) 0.01 (c)

&l, -- 0.005 (c) 0.005 (c)

--------------------------------------------------------------------------  ---------------------------------------------

a) From rcfercncc (18)

b) Constants from Icast squares fit adjusted using ground state splitting of rotation

constants. FOl from ground state.

c) Band origin estimated from observed spectra.

d) Inversion coupling constant twice that in the ground state.

c) Coriolis  constants estimated by scaling from CH2NH, rcfcrcncc (~).

f) All centrifugal distortion constants frozen at ground state values.
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Figure 4[1 and 4C
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Figure 6C
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